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ABSTRACT 
This paper is concerned with the stability of Nd (neodymium) sintered magnets used for high-efficiency DC 
motors in refrigerant compressors. Many kinds of Nd sintered magnets with and without surface treatment were 
subjected to the aging test of 140 °C and 1440 hours under three different atmospheric conditions of refrigerant, oil, 
moisture content and vacuum level. Before and after the aging test, mechanical and magnetic characteristics of the 
magnet were examined, and chemical characteristics of the oil and refrigerant were also analyzed. As a result, most 
of the tested magnets retained the satisfactory characteristics after the aging test, but some magnets without surface 
treatment showed slightly large deterioration in magnetic properties. The deterioration was rather larger under the 
condition with higher moisture content. Concerning the oils and refrigerants, no remarkable change in their chemical 
characteristics was observed after the aging test. 
 
INTRODUCTION 
As the environmental issues become serious due to the increase of energy consumption, it is urgently requested 
to make refrigerating and air conditioning systems more energy efficient. One of the measures to improve the 
efficiency of refrigerant compressors is to use DC brush-less motors that employ high-grade magnets1) including 
such rare-earth metals as Sm (samarium) and Nd (neodymium). Nd-Fe-B sintered magnets, referred as Nd sintered 
magnet in this paper later, are favorably used in the Japanese market of refrigerant compressor motors, and the use 
of Nd sintered magnets will increase in the worldwide compressor motor market. However, the Nd sintered magnet 
integrated into motor rotors is exposed in the atmosphere of refrigerant and refrigeration oil with high pressure and 
high temperature, and the magnet may suffer from such problems2) as magnetic deterioration and corrosion if the 
magnet specification is not selected correctly. 
 
In this study, the stability of Nd sintered magnets in the refrigerant and oil atmosphere are investigated 
experimentally in relation to the test condition and the surface treatment3,4) of the magnet. The results offer basic 
data of the compatibility of the Nd sintered magnet in the compressor motor, and the appropriateness of the test 
condition to the evaluation of the magnet are discussed. Results described in this paper are part of the results 
obtained in a research project “Study on the stability of Nd sintered magnets used for high efficiency refrigerant 




There are two kinds of Nd-Fe-B magnets, one is the sintered magnet and the other is bonded magnet. In this 
study, the Nd sintered magnet was selected as the test magnet because our concern was about magnets used in 
refrigerant compressor motors. As the manufacturing process of the Nd sintered magnet was slightly different 
according to magnet manufactures, four kinds of magnet specimens, A, B, C and D as shown in Table 1 were 
collected for the testing from four magnet manufactures in Japan. Since the Nd sintered magnet was corrosive by 
nature, the effect of surface treatment was examined. The choice of the magnet specimen was left to the magnet 
manufactures having good experience of the Nd sintered magnet, and they selected the magnet specimen in 
consideration of their positive achievements in the Japanese refrigerant compressor market. Each manufacture 
supplied two kinds of magnet specimens; one with surface coating that would show enough stability and the other 
without coating namely bare. The thermal stability grade of the test magnet was designated as that the effect of 
permanent demagnetization was negligible at the aging temperature (140 °C as mentioned later). The dimensions of 
the test magnet were 5×4×50 mm for the sealed glass tube test and 9×10×15 mm for the autoclave (bomb) test.  
 
Table 1:  Nd sintered magnet for testing 
Magnet specimen A,   B,   C   and   D 
Surface treatment Coating   and   No coating 
Dimensions  5×  4×50 mm  (for sealed glass tube test)   9×10×15 mm  (for autoclave test) 
 
Test Conditions and Method 
The atmospheric test condition of the Nd sintered magnet was selected as shown in Table 2 in consideration of 
the primary application to refrigerators (REF), room air conditioners (RAC) and packaged air conditioners (PAC) in 
Japan. The conditions differ in refrigerants (R134a, R410A and R407C), refrigeration oils (POE and PVE), moisture 
contents (100, 300, 500 ppm) and vacuum levels (0.3, 1.3, 2.0 kPa). The additive to the oil was an antioxidant of 0.1 
weight % with no extreme-pressure additive and no antifoaming agent. 
 
The magnet specimen was enclosed into the sealed glass tube and the autoclave (bomb) with appropriate 
amounts of refrigerant and oil as shown in Table 3. Iron, copper and aluminum as a catalyst were coexisted with the 
magnet in the autoclave. Four sealed glass tubes and one autoclave were prepared for each magnet specimen. 
Temperature and time for the aging test were selected as 140 °C and 1440 hours (60 days) in reference to the UL 
standards5) about hermetic refrigerant motor-compressors and to the practical convenience for testing. 
Table 2: Atmospheric test conditions 
Condition code REF RAC PAC 
Refrigerant R134a R410A R407C 
Oil (viscosity grade) POE*  (VG10) POE*  (VG68) PVE*  (VG68) 
Moisture  (ppm) 100 300 500 
Vacuum  (kPa / Torr) 0.3 / 2 1.3 / 10 2.0 / 15 
Note: Primary application Refrigerators Room air conditioners Packaged air conditioners
         [* with 0.1 wt. % antioxidant] 
 
Table 3: Conditions for the aging test 
Test vessel Sealed glass tube Autoclave 
Size φ10×220 mm φ45×210 mm 
Refrigerant mass or pressure 0.5 g 2.7 − 3.5 MPa 
Oil mass 3.0 g 150 g 
Magnet piece 1 5 
Catalyst Nothing Fe, Cu, Al 
Aging temperature 140 °C 140 °C 
Aging time 1440 h 1440 h 
 
In order to investigate the possible deterioration of the Nd sintered magnet during the storage and handling 
before integrating the magnet into the compressor motor, a high humidity test was executed under the constant 
temperature of 60 °C and the constant relative humidity of 80 %. The occurrence of rust on the magnet surface was 
observed for one month. 
 
Measurement and Analysis 
Characteristics of the magnet, refrigerant and oil were measured and analyzed before and after the aging test. 
The examined characteristics of the magnet specimen were mechanical strength, weight, magnetic properties, 
surface condition and so on. Those of the oil were color, total acid value, amount of the antioxidant, viscosity, and 
ICP (Inductively Coupled Plasma Emission Spectrometer), FTIR (Fourier transform infrared spectrometer) and GC 
(gas chromatography) charts. The test refrigerant was analyzed by the GC chart. After the sealed glass tube test the 
refrigerant, the oil and the magnet strength were examined, while after the autoclave test the oil and the magnetic 
properties were examined. 
 
RESULTS AND DISCUSSION 
Sealed Glass Tube Test 
The results of the sealed glass tube test are shown in Table 4. Small amount of metal compositions Nd, Fe and 
B constituting the magnet were detected in the test oil, but their levels were within an acceptable level though the 
amount of B was a little large in some cases of the PAC condition. High values of Fe and Nd in the case of D (bare) 
at the RAC condition might be caused by the unexpected high moisture at the tube preparation, which was suggested 
by the relatively high total acid value after the aging. Additionally, small amount of other metal compositions such 
as Al, Sn and Ni originated from the coating agent were also detected in some oils. The color grade of the test oil 
was lower than ASTM 0.5, and the total acid value was also within an acceptable level. The residual percentage of 
the antioxidant was over 70 %. As a whole, the test results showed little difference between three atmospheric test 
conditions (REF, RAC and PAC) with different combination of refrigerant, oil, moisture content and vacuum level. 
 
Concerning the magnet specimen, one sample, B (coated), showed a slight shading in its color. The change in 
mechanical strength of the magnet was almost acceptable, and the specimen A (bare) showed about 30 % increase of 
the strength. Figure 1 shows photographs of a cross section of the magnet specimens under the condition of PAC. 
The surface of the specimen B (bare) was rough and coarse as compared with that of the specimen A (bare). About 
the tested refrigerant, no meaningful change was observed in their GC charts. 
 
Autoclave Test 
The results of the autoclave test are shown in Table 5. The level of metal compositions, Nd, Fe and B from the 
magnet texture and Al, Cu and Fe from the catalyst, in the oil were within an acceptable level. The total acid value 
was also acceptable. The color grade of some oils was ASTM 2.5 and L1.5 and the residual antioxidant in the oil 
was less than 70 % of the original amount, which might be caused by the insufficient evacuation in the autoclave 
preparation. The GC and FTIR charts of the oil showed no unusual peaks. The viscosity of the tested oil was almost 
the same as that of the original oil. 
 
Table 6 summarizes the change of magnetic properties by the autoclave test. The values are shown in 
percentage of the after-aging data as compared with the before-aging data of one specimen in each autoclave. The 
specimens A and D showed an acceptable change in the magnetic properties not depending on the surface treatment 
and the tested atmospheric conditions. There was no large difference between the coated and bare specimens. The 
specimen B (coated) retained an acceptable properties, but the specimen B (bare) had much reduction in the coercive 
force Hc and the maximum energy product BHmax. The reduction increased in the order of the test conditions REF, 
RAC and PAC. This must be not due to the difference of refrigerant but due to the difference of the moisture content 
in the oil. The specimen B (bare) suffered a weight loss of 1 - 3 % under the conditions RAC and PAC due to the 
chipping at the magnet edge as shown in Figure 2. This may be caused by the chemical reaction of the magnet with 
the atmospheric fluids. The specimen C (coated) showed a little large deterioration as compared other coated 
specimens A, B and D. The reason was related to a before-coating treatment that might so damage the Nd-rich 
texture of the magnet as not to endure the accelerated aging test. 
 
Figure 3 shows typical demagnetization curves of the magnet specimen B (bare) under the REF condition. The 
difference between the before- and after-aging curves clearly demonstrates the deterioration of the magnet properties. 
 
High Humidity Test 
Table 7 shows the results of the high humidity test with constant temperature and constant humidity for one 
month. The specimens with coating showed different results depending on the specimens; A (coated) and C (coated) 
were good, B (coated) was slightly stained and D (coated) was rusted. The specimens without coating were more 
influenced by the humidity than the specimens with coating. The specimen A (bare) was slightly stained and the 
specimens B (bare) and D (bare) were rusted. When the deterioration occurred, the deterioration appeared within ten 
days and the appearance hardly changed with dates, which means the deterioration is not progressive. 
 
Evaluation of Test Condition and Method 
The results of the aging test were generally as expected by the magnet manufactures who supplied the test 
specimens having the appropriate stability and corrosion resistance in consideration of the positive achievement in 
the Japanese compressor market. The specimens with coating passed the aging test though one specimen was 
slightly insufficient because of the unexpected reason, but not all of the specimens without coating passed the aging 
test. The coating on the magnet was effective to prevent the oxidization of a Nd-rich phase relating to the magnetic 
properties. As a whole, the aging test of 140 °C and 1440 hours in accordance with the UL standards is reasonable to 
evaluate the stability of Nd sintered magnets for refrigerant compressor motors. 
 
The difference in the atmospheric test condition of refrigerant, oil and moisture content and vacuum level had 
almost no influence on the specimens with coating. However, the specimens without coating had the tendency that 
the magnetic deterioration increased in the order of the conditions REF, RAC and PAC, which suggests that the 
moisture content is harmful to the Nd sintered magnet properties. The moisture content and the vacuum level 
adopted in the aging test were the realistic maximum values in the Japanese market of refrigerating and air 
conditioning units, but the vales must be changed according to the circumstances of regions and countries. 
 
The deterioration in magnetic characteristics appeared more clearly as the decrease of the coercive force than as 
that of the total flux as shown in Table 6, which means that it is better to pay attention to the demagnetization curve. 
The magnetic deterioration reflected the change in the surface condition of the magnet, which indicates that the 
detailed observation of the surface is necessary to judge the magnet stability. 
 
When the Nd sintered magnet is used for the compressor motor, it is also important not to deteriorate during 
transport and storage of the magnets before assembling. As the result of the high humidity test, the occurrence of 
rust was different from specimens to specimens, and the magnets without coating was likely to rust more than the 
magnets with coating. The necessity of the surface treatment on the Nd sintered magnet depends on the 
manufacturing process of the magnet and the coating cost, and the decision must be made under the discussion 
between the magnet manufactures and the compressor motor manufactures.  
 
CONCLUSIONS 
The stability of Nd sintered magnets for refrigerant compressor motors was examined by the aging test of  140 
°C and 1440 hours under the three different atmospheric conditions of refrigerant, oil, moisture content and vacuum 
level corresponding to refrigerators and air conditioners in Japan. The results are summarized as follows. 
 
(1) Most of the magnets with coating retain their magnetic properties within allowances not depending on the 
atmospheric conditions, but the magnet without coating is likely to be affected by the moisture content. 
(2) The deterioration of the magnet tends to appear more clearly on the demagnetization curve than on the total flux 
or the mechanical properties. 
(3) The Nd sintered magnet and its coating agent hardly affect the refrigerant and the oil. 
(4) The results of the aging test are satisfactory in consideration of the positive achievements of the magnet in Japan. 
The test conditions introduced in this study become one of the magnet evaluation criteria. 
(5) The necessity of the coating on the magnet is not generally decided, but it should be judged individually from the 
viewpoint of the manufacturing process, cost and handling circumstances. 
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                               (a) Magnet A (bare)                                                    (b) Magnet B (bare) 
 
Figure 1:  Cross sectional photographs of magnets after the sealed glass aging test under the PAC condition. 
 
 
B (coated)                  B (bare) 
 
        Figure 2: Photograph of magnet B after the  


















 Figure 3: Demagnetization curves of magnet B (bare) 
  before and after the autoclave aging test under the  
  REF condition. 














Table 4: Results of the sealed glass tube test 
Oil Magnet 















 REF <1 <1 <1 L0.5 <0.01 91 Good +24.9  
 A (bare) RAC 2 <1 <1 L0.5 0.02 89 Good +29.3  
 PAC 5 <1 <1 L0.5 0.01 92 Good +29.0  
 REF <1 <1 <1 L0.5 <0.01 78 Good +3.0  
 A (coated) RAC <1 <1 <1 L0.5 0.01 79 Good +2.1  
 PAC 5 <1 <1 L0.5 0.01 94 Good +2.6  
 REF <1 1 <1 L0.5 0.01 93 Good −5.5  
 B (bare) RAC <1 3 2 L0.5 <0.01 82 Good −6.4  
 PAC 5 2 2 L0.5 0.01 96 Good −8.7  
 REF <1 <1 <1 L0.5 0.01 82 Shaded −1.5  
 B (coated) RAC 1 <1 <1 L0.5 0.02 86 Shaded −1.8  
 PAC 5 <1 <1 L0.5 0.02 99 Shaded +9.9  
 REF <1 <1 <1 L0.5 <0.01 82 Good −1.7  
 C (bare) RAC <1 <1 <1 0.5 0.02 72 Good +7.4  
 PAC 2 <1 <1 L0.5 0.02 91 Good +6.4  
 REF <1 <1 <1 L0.5 <0.01 71 Good −2.4  
 C (coated) RAC <1 <1 <1 L0.5 0.01 75 Good −10.7  
 PAC 2 <1 <1 L0.5 0.02 98 Good −0.4  
 REF <1 <1 <1 L0.5 0.01 83 Good +0.4  
 D (bare) RAC 1 33 17 0.5 0.63 75 Good −6.1 (High moisture) 
 PAC 4 <1 <1 L0.5 0.01 97 Good +5.6  
 REF 1< <1 <1 L0.5 <0.01 78 Good −6.2  
 D (coated) RAC 1< <1 <1 0.5 0.03 72 Good +8.4  
 PAC 2 <1 <1 L0.5 0.01 96 Good +2.4  
 REF    L0.5 <0.01 57     
Blank RAC    0.5 0.02     
 PAC    L0.5 0.02 92    
 
 
Table 5: Results of the autoclave test 
Oil 













 REF <0.1 <0.1 <0.1 0.1 <1 2.5 0.001 0 Insufficient vacuum 
 A (bare) RAC <0.1 <0.1 <0.1 0.1 <1 L0.5 0.008 98  
 PAC <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.010 97  
 REF <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.008 94  
 A (coated) RAC <0.1 <0.1 <0.1 <0.1 <1 0.5 0.013 82  
 PAC <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.012 98  
 REF <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.012 100  
 B (bare) RAC <0.1 <0.1 0.1 <0.1 <1 L1.0 0.019 77  
 PAC <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.009 96  
 REF <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.021 98  
 B (coated) RAC <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.025 98  
 PAC <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.019 89  
 REF <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.005 99  
 C (bare) RAC <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.005 97  
 PAC <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.006 94  
 REF <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.002 95  
 C (coated) RAC <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.014 95  
 PAC <0.1 0.1 <0.1 <0.1 <1 L0.5 0.008 92  
 REF <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.007 92  
 D (bare) RAC <0.1 <0.1 <0.1 0.1 <1 L0.5 0.007 93  
 PAC <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.009 97  
 REF <0.1 <0.1 <0.1 <0.1 <1 L0.5 0.007 91  
 D (coated) RAC <0.1 <0.1 <0.1 <0.1 <1 L1.5 0.012 55 Insufficient vacuum 
 PAC <0.1 <0.1 0.1 <0.1 <1 L0.5 0.009 93  
 
Table 6: Magnetic results of the autoclave test 
Change in magnetic characteristics 














 REF 100.1 98.6 98.3 95.6 96.6  
A (bare) RAC 100.2 98.0 97.9 96.3 96.0  
 PAC 100.3 103.5 97.3 95.6 95.4  
 REF 100.9 96.8 97.0 94.6 94.3  
A (coated) RAC 100.8 107.0 98.8 95.5 98.2  
 PAC 100.4 99.0 98.7 95.1 96.8  
 REF 93.3 95.6 92.5 96.5 88.3  
B (bare) RAC 90.0 91.2 85.6 94.3 77.5 1 % wt. loss 
 PAC 87.5 86.3 84.2 95.5 73.5 3 % wt. loss 
 REF 96.4 96.1 96.1 97.1 92.1  
B (coated) RAC 96.5 96.1 96.1 97.2 92.1  
 PAC 96.4 92.4 92.4 96.1 85.1  
 REF 103.7 98.2 98.4 97.9 96.5  
C (bare) RAC 103.8 97.9 98.1 97.8 95.6  
 PAC 103.8 94.1 94.0 97.9 89.4  
 REF 93.7 98.3 87.0 95.7 91.7  
C (coated) RAC 92.8 98.0 86.0 94.5 88.6  
 PAC 91.8 96.9 86.8 96.5 87.5  
 REF 102.0 96.9 96.3 96.6 93.2  
D (bare) RAC 101.7 97.4 96.1 96.5 93.3  
 PAC 100.8 97.9 94.7 96.8 93.3  
 REF 102.5 98.2 97.8 98.0 96.3  
D (coated) RAC 102.5 97.8 97.6 96.9 95.5  
 PAC 103.1 97.2 97.3 96.5 94.8  
 
 
Table 7: Results of the constant humidity test  (Temp. 60 °C and R.H. 80%) 
Appearance of magnet Magnet 
specimen Initial After 10 days After 20 days After 30 days Note 
A (bare) Good Slightly stained Slightly stained Slightly stained  
A (coated) Good Good Good Good  
B (bare) Good Rusted Rusted Rusted  
B (coated) Good Slightly stained Slightly stained Slightly stained  
C (bare) (No sample) ----- ----- ----- No test 
C (coated) Good Good Good Good  
D (bare) Good Rusted Rusted Rusted  
D (coated) Unevenly coated Rusted Rusted Rusted  
 
